INTRODUCTION {#sec0005}
============

Since 1962 when Altman suggested the presence of newly generated neurons in the adult brain, huge progress has been made in understanding the cellular and molecular processes that govern the proliferation, differentiation and integration of new neurons in the preexisting memory circuits. Adult neurogenesis has been clearly identified and confirmed in two brain regions: the subventricular zone (SVZ) of the lateral ventricle and the subgranular zone (SGZ) of the dentate gyrus of the hippocampal formation \[[@r1]\]. Newborn neurons in the SVZ migrate through the rostral migratory stream where they become granule and periglomerular neurons in the olfactory bulb. Cells born in the adult SGZ migrate into the deep layer of the dentate gyrus and fully differentiate into excitatory dentate granule cells \[[@r2]\]. Adult neurogenesis is an highly dynamic process that can be finely modulated both negatively by stress and aging and positively, by means of physical activity, environment enrichment, and learning. Among these factors numerous studies have pointed out that voluntary physical activity represent the most potent inducer of adult neurogenesis \[[@r3]\]. However the running-induced increase of proliferation is region-specific, occurring exclusively in the hippocampus while it does not enhance SVZneurogenesis \[[@r6]\].

In this review we first summarize the recent discoveries describing the cell cycle components and mechanisms which underlie proliferation of the neural precursors cells in the adult neurogenic niches. Then we focus on new data regarding changes in the cell cycle kinetics and lengthening observed in the two neurogenic niches. Finally we will analyze how the length of the cell cycle might have a major role in triggering the increased proliferation following running.

PROTEINS AND REGULATORS OF THE CELL CYCLE {#sec0010}
=========================================

The cell cycle is a process that leads to the duplication of the cell into two daughter cells. This mechanism consist of a series of events starting from a quiescent state (G0) followed by the entry into the first phase (G1) during which the cell prepares for DNA replication (S phase). Later the cell enters in a second gap in which it continues to grow (G2), followed by the mitosis (M). This complex mechanism is finely orchestrated by the highly coordinated action of two main classes of molecules: the cyclin-dependent kinases (Cdks) and their regulatory partners, i.e., the cyclins \[[@r7]\]. In the G1 phase cyclin D forms a complex with Cdk4/6 to phosphorylate the retinoblastoma protein pRB, inducing the E2f transcription factor to trigger the expression of several genes involved in the cell cycle progression \[[@r8]\]. Another complex, Cdk2-cyclinE, further phosphorylates Rb activating the transcription of genes essential for the DNA replication phase entry \[[@r10]\]. Later, the interaction between Cdk2 and cyclin A regulates S/G2 transition \[[@r12]\]. Finally, Cdk1 and cyclin B complex (being also denominated "mitosis promoting factor") controls the onset of mitosis and regulates the structural steps during the cell division \[[@r13]\]. The cell cycle is negatively regulated at any specific checkpoint by two major classes of non enzymatic cyclin-dependent kinase inhibitors (CDKIs) that directly interact with already formed cyclin-CDK complexes: the INK4 and the CDK-inhibitory protein (CIP)/kinase-inhibitor protein (KIP) families \[[@r14]\]. The CIP/KIP inhibitors have a broad CDK preference and have been implicated in cell cycle withdrawal and quiescence \[[@r16]\]. The INK4 family includes four proteins (p16^Ink4a^, p15^Ink4b^, p18^Ink4c^ and p19^Ink4d^) that play a pivotal role in preventing the formation of cyclin/Cdk4-6 complexes \[[@r17]\]. The CIP/KIP family comprises three proteins in mammals (p21^Cip1^, p27^Kip1^ and p57^Kip2^) which have a broader range of Cdk inhibitory activity compared to the Ink4 inhibitors and contain characteristic motifs that enable them to interfere with cyclin E/CDK2 or cyclin A/CDK2 to block or slow down the cell cycle progression \[[@r18]\].

ROLE OF THE CELL CYCLE MACHINERY IN ADULT NEUROGENESIS {#sec0015}
======================================================

The finding that the production of new neuronscontinues throughout life in the adult mammalian brain has generated enormous interest and substantial advances in the field of neuroscience. During the adult neurogenesis occurring in SVZ and dentate gyrus neuroblasts are continuously produced and migrate to reach their targeted circuits where they fully differentiate into mature neurons and integrate into the preexisting network \[[@r20]\]. Despite the common origin from neural stem cells, the neuroblasts originated in SVZ and in the dentate gyrus display highly different proliferative properties and differentiation fate, which in turn give rise to mature neurons with profoundly different morphological and electrophysiological characteristics (see below). Consequently, the cell cycle machinery in the two different adult neurogenic niches presents a substantial diversity as regards the molecular mediators involved and replicative kinetics of the proliferating cell types.

In recent years, numerous studies have revealed an important role of the molecules of the cell cycle in the regulation of quiescence and expansion of stem cells and of differentiation of neural progenitors in the adult neurogenic niches \[[@r21]\]. We should consider that the amount of new neurons generated depends on three components: i) the division mode; an asymmetric (neurogenic) division of a neural stem cell maintains the original pool, by generating one replica of the mother cell and one differentiating cell, while a symmetric neurogenic division generates two new neurons at the expense of the pool of mother cells; ii) the length of cell cycle; iii) the fraction of cells that exit the cycle and enters quiescence or differentiates; this key decision occurs at the G1 phase \[[@r23]\]. A decrease of the cell cycle length, in stem/progenitor cells, by accelerating the division rate, may be a primary inducer of the generation of a greater number of neurons in consequence of an expansion of the progenitor cells, but it requires to be accompanied by the appropriate mode of division leading to exit from cell cycle and to differentiation (e.g., subsequent rounds of symmetric proliferative and then neurogenic divisions).

CELL CYCLE REGULATION IN THE ADULT DENTATE GYRUS {#sec0020}
================================================

The adult neurogenesis in adult dentate gyrus has been divided into different developmental stages in which quiescent neural stem cells enter into the cell cycle (type 1 NSCs) and give rise to postmitotic neurons through three consecutive stages of intermediate progenitor cells (type-2ab) and neuroblasts (type-3), which migrate within the granule layers, locally maturing into glutamatergic granule neurons, and functionally integrating into pre-existing neuronal circuitry \[[@r24]\].

Through the use of genetically modified mouse models it has been demonstrated that a dysregulation of the cell cycle represents one of the main causes of profound changes in the homeostasis of adult neurogenesis often related to disorders of the central nervous system. One of the most recent hypotheses proposed in the recent years is the so called "cell cycle length hypothesis", according to which the lengthening of the G1 phase, caused by the down regulation of Cdk6, plays a predominant role in the premature exit from the cell cycle and differentiation \[[@r25]\]. In fact Cdk6^ -/- ^ mice presented a two-fold decrease of the number of proliferating cells, and the progenitor cells exited the cell cycle showing a lengthned G1 phase with reduced production of new neurons. In contrast no change was observed in Cdk4^ -/- ^ cells \[[@r25]\]. Conversely, overexpression of Cdk4-cyclinD1 complex induces the expansion of the pool of stem cells at the expense of differentiation, thereby inhibiting neurogenesis in the adult hippocampus \[[@r27]\]. These data suggest that the proliferation of adult neural stem cells is strictly dependent on the presence of specific CDK proteins, whose activity regulates their proliferative fate.

Moreover, the cell cycle progression, and thus the action of CDKs, may be modulated by histone deacetylases (HDACs). In fact, the inhibition of HDACs activity has been shown to decrease the proliferation of neural stem cells and promote neuronal differentiation \[[@r28]\]. Interestingly, a recent paper showed that HDAC3, which is highly expressed in the brain \[[@r29]\], appears to be specifically required for the proliferation of adult NSCs in the dentate gyrus through the regulation of CDK1 levels \[[@r29]\]. Indeed the authors demonstrated that in the NSCs HDAC3 stabilizes CDK1 to promote normal cell cycle progression, whereas in NSCs lacking HDAC3, Cdk1 is degraded through the ubiquitin-proteasome pathway, resulting in G2/M phase progression defects \[[@r30]\].

A completely different role has instead been identified for Cdk5, which is abundantly expressed in neural tissues where, unlike the other CDKs, is predominantly activated in post-mitotic cells, either in embryo or in the neurogenic regions of the adult brain. Cdk5 is involved in various cellular events not directly related to cell cycle, such as regulation of several steps in neuronal migration and differentiation by controlling microtubule and actin cytoskeletal organization in the cerebellum and neocortex, and regulation of synaptic plasticity, all these actions essentially through phosphorylation of different protein substrates (for review see \[[@r31]\]). Two different papers have shown that lack of Cdk5 induces a strong decrease in the migration, dendritic extension and survival of newborn neurons in the adult dentate gyrus of the hippocampus, thus implying a role of Cdk5 in their maturation \[[@r32]\].

Numerous studies have shown that cyclin D2 is the most critical cyclin in the adult neurogenic niches. In fact, it has been shown that its ablation causes a nearly complete blockage of adult neurogenesis in the adult dentate gyrus, indicating that cyclin D1 is not able to compensate for the lack of cyclin D2 \[[@r34]\]. Furthermore, the few cells generated within the adult dentate gyrus of cyclin D2-knockout mice belong to the astroglial lineage \[[@r34]\]. Moreover, another report showed that in cyclin D1 knockout dentate gyrus occurred a significant decrease of BrdU^ +^cells \[[@r37]\]. Altogether, this may suggest that cyclin D2 in dentate gyrus is required for the commitment of neural stem cells to the neuronal differentiation, while cyclin D1 for astrocytic differentiation.

The role of the Cip/Kip inhibitors family in the nervous system has been revealed by several recent studies that have highlighted their activity during neural development and *in vitro* models. The study of the p21^Cip1^ knockout mice has led to quite discordant data regarding its function in the maintenance of quiescence and in the regulation of the proliferation of adult neural stem cells. It has been described that the deletion of the p21^Cip1^gene causes an increase in proliferation of stem/progenitor cells in the dentate gyrus of 2-month-old mice \[[@r38]\], though the mechanisms involved in p21^Cip1^-dependent regulation of self-renewal are not understood. In an other studies this increase of proliferation does not occur unless after stroke \[[@r40]\].

p27^Kip1^ has been extensively investigated in neural development and adult neurogenesis \[[@r41]\]. A recent study shows that p27^Kip1^ represents an important regulator of proliferation of immature neuron and is one of the main mediators in the maintenance of hippocampal stem cell quiescence and reservoir, by mediating the molecular program that keeps adult stem cells out of the cell cycle \[[@r42]\]. This action is exerted by p27^Kip1^ through its N-terminal domain, likely through CDK inhibition \[[@r42]\].

Finally, a recent study demonstrates that p57^Kip2^ is expressed in quiescent radial NSCs, but not in rapidly dividing progenitors. Deletion of *cdkn1c* (p57^Kip2^ gene) in adult NSCs abrogates their quiescence and activates their proliferation, leading to excessive reduction of NSCs and neurogenesis in the aged brain \[[@r43]\]. Moreover it has been shown that the anti-depressant action of the glucocorticoid receptor on differentiation and proliferation of hippocampal progenitor cells is mediated by the expression of p57 ^Kip2^, suggesting a different role of this inhibitor in adult neurogenesis \[[@r44]\].

CELL CYCLE REGULATION IN THE ADULT SUBVENTRICULAR ZONE {#sec0025}
======================================================

In the adult rodent SVZ, neuroblast are continuously produced and migrate rostrally in the form of cell aggregates called "chains", along an highly restricted route termed the rostral migratory stream (RMS) \[[@r45]\] towards the olfactory bulb where they finally maturate into GABA-ergic local interneurons \[[@r47]\]. The new neurons in the SVZ are generated by quiescent radial glia-like cells (type B cells; \[[@r48]\]), which give rise to rapidly proliferating transient amplifying cells, expressing transcription factors of the Dlx family (type C cells; \[[@r49]\]). These type C cells in turn generate migrating neuroblast which exit the cell cycle and approach the rostral migratory stream (type A cells; \[[@r50]\]).

A study carried out in the postnatal SVZ of Cdk5 knockout mice revealed that deletion of this gene causes severe impairment in migrating neuroblasts of the adult SVZ, suggesting that Cdk5 plays a pivotal role in the architecture and orientation of the neuroblast chain in the SVZ \[[@r51]\].

Concerning the role of the cyclins in the SVZ neurogenesis, a recent paper has shown that the absence of the antiproliferative gene PC3/Tis21 induces an increment of both cyclins D1 and D2 in the adult SVZ associated with a sharp increase in the proliferation of newborn stem cells. This suggests that both cyclins may play an important role in the regulation of proliferation in the SVZ \[[@r52]\]. Indeed, previous work has shown that cyclin D1 certainly plays a role in the proliferation of SVZ cells, since primary cultures of SVZ neural cells from cyclin D1-knockout mice showed a significant decrease of BrdU incorporation accompanied by accumulation in G0/G1 \[[@r37]\]; however, cyclin D1-knockout SVZ neural cells were prevented from differentiating into astrocytes with no effect in the differentiation into neurons \[[@r37]\]. This would suggest that cyclin D1 in SVZ is more necessary for the commitment of SVZ neural stem cells to astrocytic differentiation.

Moreover, while p21^Cip1^ deletion causes an increment of the proliferation rate of neurospheres isolated from young adult mice (2 months), the opposite situation occurs in old mice (16 months) *in vitro* and *in vivo*, leading to subsequent exhaustion of the NSC pool \[[@r39]\]. This suggest that p21^Cip1^ has a central role in the maintainance of NSCs throughout the entire lifespan of the organism, as proposed in the hematopoietic stem cells \[[@r53]\]. More recent studies suggest that p21^Cip1^ maintains the self-renewal of NSCs by repressing Sox2 \[[@r52]\] or Bmp2 \[[@r55]\]. As Bmp2 induces premature terminal differentiation of multipotent NSCs into non-neurogenic astrocytes, this would imply thatthe actions of p21^Cip1^ are not limited to the control of cell cycle.

It has been demonstrated that p27^Kip1^ deletion alters the normal histogenesis of the adult SVZ by increasing the number of transit-amplifying progenitors in homeostatic or ischemic conditions, suggesting an important function of this cyclin-dependent kinase inhibitor in the restriction of neural precursor regeneration mainly at a late stage after cerebral ischemia \[[@r56]\].

Concerning the Ink4 inhibitors of the CDKs, it has been shown that deletion of p16^Ink4a^ increases the self-renewal of SVZ stem cells \[[@r58]\] and the generation of new neurons in old mice (15--19 months; \[[@r59]\]). Moreover, p16^Ink4a^ expression becomes detectable only during aging, suggesting that p16^Ink4a^ causes the loss of the replicative ability (senescence) in aging SVZ stem cells; an alternative interpretation could be that p^16*Ink*4*a*^ preserves the pool of SVZ stem cells during aging by maintaining their quiescence.

[Figures 1](#bpl-1-1-bpl150013-g001){ref-type="fig"} and [2](#bpl-1-1-bpl150013-g002){ref-type="fig"} summarize the molecular controls involved in the regulation of the adult neurogenic niches, either in terms of cell cycle regulation ([Fig. 1](#bpl-1-1-bpl150013-g001){ref-type="fig"}) or in terms of effects on proliferation and differentiation of neural cells ([Fig. 2](#bpl-1-1-bpl150013-g002){ref-type="fig"}).

CELL CYCLE KINETICS IN ADULT NEUROGENESIS {#sec0030}
=========================================

Accumulating evidence reveals that the cell cycle kinetics plays a very important role in the regulation of neurogenesis \[[@r60]\]. In fact, it has been demonstrated that during development the modulation of cell cycle is instructive for the switch between proliferation and asymmetric division, with small variations in the length of the G1 phases inducing profound changes in the proliferative kinetic of the neural stem cell pool. Only recently attention has been focused on the identification of the cell cycle parameters in adult neurogenic niches in physiological and pathological conditions. In fact one of the most fascinating challenges of neuroregenerative medicine is represented by the induction of endogenous neurogenesis as an attempt to recover after brain damage or during neurodegeneration. In this context, the manipulation of the cell cycle kinetics could be a pivotal tool to achieve an efficient expansion of the neural stem cell pool, as a converging result of increased recruitment from quiescence and proliferation. In the adult dentate gyrus the newly generated progenitor cells divide once a day with a total length of the cycle of about 22--24 hours \[[@r61]\]. A detailed study showed that the cell cycle length differs significantly within the pool of adult hippocampal stem/progenitor cells; namely, mitotic GFAP^ +^ radial glia-like cells and NeuroD1^ +^ neuronal progenitors divide significantly faster than amplifying neural progenitor cells by accelerating their S-phase \[[@r62]\]. Moreover, analysis of the dynamics of adult progenitor cell proliferation in the adult sub ventricular zone (SVZ) reveals that the actively dividing neural stem cells (B cells) have a shorter cell cycle length (18 hours) when compared to the other proliferating cell types residing in the SVZ (C and A cells), displaying similar cell cycle kinetics (17--22 hours) \[[@r65]\]. The modulation of the cell cycle length in the SVZ was particularly analyzed during the neurogenic response triggered by stroke, the cerebrovascular damage that causes permanent brain damage and represents the second leading cause of mortality worldwide. Indeed this pathological stimulus causes a shortening of the S phase (from 5 to 2 hours), and consequently of the entire cell cycle (from 19 to 12 hours), which in turn induces a substantial increase in the symmetric neuron generating division, and a subsequent decrease in the cell cycle exit \[[@r66]\]. These events represent a key mechanism by which a significant number of new neurons migrate to the brain regions damaged by the ischemic insult \[[@r69]\]. Most of these new neurons die once arrived in the damaged site and are not integrated into preexisting circuits, although this increase of post-stroke endogenous neurogenesis sets the stage for the creation of therapeutic strategies to promote brain function following ischemic injury.

RELATION BETWEEN THE CELL CYCLE AND DIFFERENTIATION IN NEUROGENESIS {#sec0035}
===================================================================

The cell cycle and differentiation of neural stem cells are correlated processes. This point is relevant to the possibility of efficiently triggering the generation of new neurons by means of a neurogenic stimulus, such as physical exercise, or, for instance, the treatment with chemical substances impacting on 5HT pathways.

As mentioned above, it has been proposed that the duration of the cell cycle regulates differentiation, in particular a lengthening of the G1 phase may trigger neural differentiation \[[@r26]\]. While it is undeniable that the inhibition of the cell cycle is sufficient to trigger differentiation of neural stem cells, as observed recently for instance in double CDK2/CDK4 mutants \[[@r71]\], this occurs evidently only in a differentiation-permissive environment. In fact, for instance, the amplification of neural stem cells triggered by cyclin D1 is not sufficient to generate new neurons, unless the proliferative stimulus ceases after amplification, in order to allow the process of differentiation \[[@r27]\]. We have to be aware that complex and distinguishable molecular interactions between the cell cycle and differentiation take place.

PC3/Tis21 is a gene paradigmatic for the interplay between proliferation and differentiation. It is a transcriptional cofactor physiologically expressed in neural progenitor cells of different areas of the adult murine brain, such the hippocampus, the SVZ and the cerebellum, where it induces them to exit the cell cycle and to differentiate \[[@r52]\]. PC3/Tis21 is a negative regulator of the cell cycle, possibly through the binding of PC3/Tis21 protein to the promoter sequences of cyclin D1, and/or thanks to its ability to form complexes with histone deacetylases or histone modifying factors, such as the methyltransferase Prmt1 (\[[@r77]\] for detail). In fact, overexpression of PC3/Tis21 in dentate gyrus progenitor cells, driven by the nestin promoter in a conditional transgenic mouse, shows that the number of cells incorporating BrdU, after a short pulse, is significantly reduced \[[@r74]\]. Conversely, the knockout of PC3/Tis21 induces an increase of the number of stem and progenitor cells incorporating BrdU in the dentate gyrus and also in the SVZ \[[@r52]\]. Furthermore, the length of the G1/S phase appears to decrease in PC3/Tis21 knockout progenitor cells; in fact in these cells we observe an increase of the ratio (inversely proportional to the length of the cell cycle) between progenitor cells in S-phase (BrdU+) and actively dividing (Ki67+) \[[@r75]\].

Moreover, as observed in adult progenitor cells of the dentate gyrus, SVZ and cerebellum, PC3/Tis21 is endowed also with a pro-differentiative action, cell-intrinsic and independent of the antiproliferative effect. Such a pro-differentiative effect was proposed by the group of Gerd Kempermann, observing that PC3/Tis21 is selectively expressed in postmitotic dentate gyrus neurons (stage 5; \[[@r76]\], and was demonstrated by us showing that stage 5 early postmitotic dentate gyrus neurons lacking PC3/Tis21 accumulate, unable to terminally differentiate into stage 6 although they have already exited the cell cycle \[[@r75]\]. Similarly, in the adult SVZ, the knockout of PC3/Tis21 leads not only to an increase of the proliferation of stem cells but also to evident impairment of the terminal differentiation of neuroblasts (A cells) \[[@r52]\]; ([Fig. 2](#bpl-1-1-bpl150013-g002){ref-type="fig"}). A key point is that PC3/Tis21 is necessary for the differentiation of cells that are already post-mitotic, indicating that the two processes, arrest of proliferation with exit from the cell cycle and terminal differentiation, are, at least in adult neurons, separate processes. Notably, it is impossible to enforce differentiation in PC3/Tis21-null progenitor cells of the dentate gyrus by simply applying a neurogenic proliferative stimulus (such as fluoxetine, using a protocol that allows a stimulus-free period after treatment in order to allow differentiation; see \[[@r27]\], L. Micheli and M. Ceccarelli, unpublished data). In PC3/Tis21-null stem cells of the SVZ the defect of terminal differentiation can be rescued only through specific molecules that regulate differentiation, i.e., by treating cells with BMP4 or by silencing Inhibitor of Differentiation 3 (Id3) \[[@r52]\]. This suggests that terminal differentiation in neural stem cells is controlled by PC3/Tis21 through these molecules; in particular, PC3/Tis21 has been shown to negatively regulate the transcription of Id3 by associating to its promoter \[[@r75]\]. The fact that differentiation of neural progenitor cells cannot be rescued by a proliferative stimulus such as fluoxetine (or, presumably, as physical exercise) further indicates a clear separation between the two processes of proliferation and terminal differentiation.

Furthermore, a dual role, with distinct effects on the proliferation and differentiation of neural stem cells, is observed for several known anti-proliferative genes, which display a direct differentiative action. These include Rb \[[@r78]\], Geminin, which exerts its dual role through control of chromatin regulators \[[@r79]\], or even the positive regulator of proliferation cyclin D1; this latter has recently been shown to exert *in vivo* a transcriptional function in mouse development, in addition to its well-established control of cell cycle, by associating with cohorts of gene promoter sequences, including regulators of neural differentiation such as NeuroD1 \[[@r80]\]. Another relevant example of cell cycle-independent action concerns p27^Kip1^, which promotes neuronal differentiation in the mouse cerebral cortex by stabilizing the proneural Neurogenin2 protein, an activity carried by the N-terminal half of the protein \[[@r81]\]. This action may be working also in differentiated neurons of the adult hippocampus, where p27^Kip1^ is expressed (\[[@r42]\]; [Fig. 2](#bpl-1-1-bpl150013-g002){ref-type="fig"}), also given that Neurogenin2 plays an important role in the differentiation steps of adult hippocampal neurogenesis \[[@r82]\].

PHYSICAL EXERCISE AND CELL CYCLE KINETICS IN ADULT NEUROGENESIS {#sec0040}
===============================================================

In rodents, voluntary exercise robustly enhances cell proliferation and the number of newly generated neurons in the dentate gyrus of the hippocampus \[[@r3]\]. Moreover recent data show that exercise is able to induce neurogenesis in the hypothalamus and ependymal lining of the third ventricle, leading to recovery of homeostatic functions in the adult brain after brain injury \[[@r83]\].

Many other studies have stated that voluntary exercise is able to facilitate both structural and functional plasticity in the adult dentate gyrus, enhancing cell proliferation and neurogenesis \[[@r3]\] and synaptic plasticity \[[@r84]\]. This provides an improvement in several specific hippocampus-dependent behavioural task such as Morris Water Maze and pattern separation \[[@r87]\], even though new neurons produced in response to exercise do not contribute significantly to the synaptic process until well after they are mature \[[@r90]\]. Moreover, physical activity is able to delay or in part prevent symptoms of neurodegenerative disease in mouse models \[[@r91]\], to restore neurogenesis in a mouse model of HIV \[[@r94]\] and to lead to faster recovery or less severe learning deficits after brain injury \[[@r95]\]. [Table 1](#bpl-1-1-bpl150013-t001){ref-type="table"} summarizes the main studies describing the factors that alter the homeostasis of the adult neurogenesis through imbalance of cell cycle, and the known effects of physical exercise.

All this experimental evidence raises interesting questions regarding the molecular and cellular mechanisms involved in mediating the beneficial effects of exercise. One of the most promising candidates in this sense is the neurotrophin BDNF. It has been shown that deletion of the gene encoding TrkB, the high affinity receptor for BDNF, prevents the exercise-induced enhancement of neurogenesis and LTP \[[@r98]\], while intracerebral infusion of BDNF increases hippocampal adult neurogenesis, by mimicking exercise-induced changes in learning \[[@r100]\]. Another study shows that the bone morphogenetic protein (BMP), a negative regulator of adult neurogenesis, plays a central role in mediating the effects of exercise on both neurogenesis and hippocampus-dependent learning and memory \[[@r102]\]. Indeed, running reduces levels of hippocampal BMP, and transgenic mice with reduced BMP signaling exhibit remarkable gains in hippocampal cognitive performance and neurogenesis, mirroring the effects of physical exercise; on the contrary, overexpression of BMP4 prevents the running-dependent increase of cell proliferation and generation of new neurons (Dcx+) \[[@r102]\]. This fits with the notion that radial stem cell quiescence in the adult hippocampus is maintained via BMP/BMPR1A signaling \[[@r103]\] and suggests that BMP plays a direct role in checking the running-induced proliferation of hippocampal progenitor cells.

Another molecule responsible for the the voluntary running-induced increase of hippocampal progenitor proliferation appears to be the Wnt signaling inhibitor Secreted frizzled-related protein 3 (Sfrp3) \[[@r104]\]. In fact, interestingly, the deletion of Sfrp3 activates quiescent radial neural stem cells, and the reduction of Sfrp3 turns out to be essential for the activity-induced adult neural progenitor proliferation.

Moreover, a very interesting study indicate that adipocyte-secreted adiponectin (AND) plays a pivotal role in mediating the effects of exercise on dentate gyrus neurogenesis, likely by activation of the adiponectin receptor (ADNR1)/AMP-activated protein kinase (AMPK) signalin pathways \[[@r105]\].

In terms of cellular mechanisms involved in the exercise-dependent activation of hippocampal neurogenesis, recently the Bartlett laboratory has shown that microglia have a direct regulatory effect on the activity of adult hippocampal progenitors in response to voluntary exercise. Using transgenic models labeling microglia cells, they demonstrate that the exercise-induced increase in neural precursor cell proliferation is mediated via endogenous microglia; notably, depletion of microglia from hippocampal neurosphere cultures annulled the positive effect of voluntary exercise on neural precursor cells \[[@r106]\].

As pointed out above, the length of the cell cycle may play an important role in modulating the increased proliferation of new stem/progenitor cells in the neurogenic niches of the adult mouse.

In this regard, a recent paper has shown that the running triggers the proliferation of neural progenitors in the hippocampal dentate gyrus, by selectively shortening their S phase (from 12.9 to 10.2 hours) and consequently cell cycle length (from 24.9 to 22.0 hours) \[[@r63]\]. The importance of a running-mediated cell cycle modulation is supported by the observation that physical activity is also able to reactivate the plasticity of neural stem cells when the cell cycle inhibitory control is missing, with profound implications for the long-term modulation of adult neurogenesis. Indeed, in the mice ablated of the antiproliferative gene Btg1, where a postnatal hyperproliferation is followed by a gradual depletion of the pool of stem cells in the dentate gyrus with a consequent decreased neurogenesis, 12 days of running significantly increase cell proliferation and long-term neurogenesis in the adult hippocampal dentate gyrus, by triggering the recruitment of quiescent neural stem cells and reactivating their hyperproliferation and expansion. The phenomena described above are probably dependent on the running-induced shortening of S-phase and of the cell cycle of neural stem and progenitor cells. A possibility is that the acceleration of the cell cycle stabilizes the expansion of the neural stem cells. In contrast, in the Btg1 wild-type mice running provokes the shortening of S-phase and cell cycle only of committed progenitor cells, resulting in a transient proneurogenic effect. These data indicate that the replicative potentiality of the neural stem cells is not limited with aging and that after physical exercise the deprived stem cells pool is still ready to be reactivated when the inhibitory cell cycle control exerted by Btg1 is missing, still highlighting the key role of Btg1 in maintaining the quiescence of adult NSC \[[@r63]\]. This new concept should represents a prerequisite to build a more general cellular model able to trigger the mechanisms of adult neurogenesis, and in particular to increase the functional reserve of stem cells, which could, in turn, provide a favorable endogenous microenvironment for the process of neural regeneration after brain injury.

As for the cellular mechanisms underlying the stem cells recovery in Btg1-null mice by running, it is worth noting that the process of hyperproliferation observed in the stem/progenitor cells of the dentate gyrus (and SVZ) after ablation of the Btg1 gene is detectable only in the early postnatal period, while in adult mice the proliferating progenitor cells decrease in number and show a tendency to exit the cycle and become quiescent. There is in fact a higher number of adult Btg1-null stem/progenitor cells, compared to wild-type, ceasing to cycle after entering the S-phase, detected as BrdU^ +^Ki67^ −^; the opposite occurs in the early postnatal Btg1-null stem/progenitor cells \[[@r107]\]. Accordingly, in Btg1-null adult dentate gyrus stem and progenitor cells the length of the S phase increases considerably \[[@r63]\]. The increased exit from cell cycle observed in adult Btg1-null dentate gyrus is concomitant with a several-fold increase of stem cells expressing p21^Cip1^ or p53 and is followed within a few days by apoptosis \[[@r107]\]. Therefore, this process consists of a progressive age-dependent shift towards quiescence and loss of proliferative capability, followed by decrease of the stem cell pool. Notably, the same events have been observed after ablation of other inhibitors of proliferation, such as p21^Cip1^ \[[@r39]\], p57^Kip2^ \[[@r43]\], or of the Notch effector RBPJ \[[@r108]\]. In particular, it has been shown that the reduction of p57^Kip2^ protein in the nucleus of radial NSCs contributes to the activation of NSCs in response to physical exercise \[[@r43]\].

At the origin of the age-dependent decrease of the proliferative capability of Btg1 knockout stem cells could be an increase of the cell cycle inhibitors p21 and p53. This may represent a cellular attempt to contain the initial burst of proliferation observed at an early age - consequence of the loss of the proliferation inhibitor Btg1 -- by driving the stem/progenitor cells to quiescence and thus preventing, at least for some cells, apoptosis, an event normally occurring when a negative regulator of cell cycle is suppressed \[[@r109]\]. This would explain why the pool of stem cells is never fully depleted in the Btg1-null adult dentate gyrus, but can recover its proliferative capability when stimulated by physical exercise. The molecular mechanisms by which Btg1, as a transcriptional cofactor, regulates the cell cycle molecules in neural stem cells still needs to be clarified. However, it has been shown that Btg1 associates with Prmt1 and binds the transcriptional element Caf1/CNOT7, which have both been implicated in growth arrest \[[@r110]\].

More recently another report showed that 5 days of voluntary physical exercise does not induce a significant change in cell cycle kinetics of stem/progenitor cells of the dentate gyrus, despite a strong increase of proliferation of newborn neurons in dentate gyrus of runners mice \[[@r64]\]. The authors conclude that small cell cycle alterations in cell cycle length after running may represent only a consequence and not the causal regulating factor of the neural precursor expansion in the dentate gyrus.

These conflicting data may reflect different experimental paradigms (12 days vs 5 days of run as well as different housing conditions of mice during voluntary running), and open interesting perspectives on the molecular pathways involved in the positive regulation of proliferation exerted by running in the neuralprogenitors.

CONCLUSION {#sec0045}
==========

It is well established that the beneficial effects of the running exercise are the result of a multitude of independent factors including modifications in synaptic plasticity, spine density, neurotrophins and microenvironment in the neurogenic niches, that as a whole might be able to mediate the positive effects on learning and memory, the decrease of the risk of neurodegenerative diseases and the delay of the intellectual decline associated with aging. The discovery of the involvement of the cell cycle machinery in the proneurogenic effect of physical activity opens new interesting scenarios in understanding the cellular and molecular mechanisms underlying the effects of the run on the brain. Moreover it provides a first causal relationship between the proneurogenic effect of physical exercise and cell cycle kinetics. Further studies are needed to identify the cell cycle components involved in the running-dependent S-phase shortening as well as to check whether a fine modulation of the cell cycle may mirror the effects of exercise in the neurogenic niches of adult brain. A promising example is provided by the discovery that in the absence of an antiproliferative inhibition, the physical activity can reactivate the pool of quiescent stem cells and cause their expansion, an event which is not occurring under physiological conditions. These results could provide new pivotal information in modulating the dynamics of the recruitment and proliferation of adult neural stem cells and suggests that the "run-activated neural stem cells" could harness the potential to regenerate the neuronal population lost due to aging, neurological and neurodegenerativedisorders.
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![Cell cycle regulation in the adult neurogenic niches, dentate gyrus and SVZ (B and C), in comparison with the canonical model of the cell cycle (A). The detailed description of the various regulatory steps and of the key molecules involved in cell cycle control is exhaustively described in the text. It is important to note that in the context of the two neurogenic niches the role of several key molecules in the control of cell cycle progression has yet to be identified.](bpl-1-1-bpl150013-g001){#bpl-1-1-bpl150013-g001}

![Scheme depicting the role of cell cycle-related molecules on the proliferation and differentiation of stem and progenitor cells in the adult dentate gyrus and SVZ. The data were obtained by knockout experiments performed *in vitro* and *in vivo* and are detailed in the text. Dentate gyrus: Cdk6 and cyclin D1/2 are required for the proliferation of stem cells, while p27^Kip1^ or p21^Cip1^ are required to maintain the quiescence of stem cells. Moreover, cyclin D1 is involved in astrocytic differentiation while cyclin D2, p27^Kip1^, p21^Cip1^ and Tis21 are involved in the commitment of neural stem cells to the neuronal differentiation. SVZ: Cdk6 and cyclin D1/2 appear to be required for the proliferation of stem cells, while p16^Ink4*a*^ and Btg1 are necessary to maintain the quiescence of stem cells, in aging or in adult mouse, respectively. Cyclin D2, Cdk5 and Tis21 are involved or required for neuronal differentiation.](bpl-1-1-bpl150013-g002){#bpl-1-1-bpl150013-g002}

###### 

Summary of the factors involved in the alterations of adult neurogenesis through a direct involvement of the cell cycle progression

  Experimental model              Neurogenesis in DG   Neurogenesis in SVZ  Cell cycle/molecular changes
  ------------------------------ -------------------- --------------------- ----------------------------------------------------------------------------------------------
  Stroke                                  ↑                     ↑           ↓ G1 phase and ↑ cell cycle reentry in SVZ⟶ expansion of progenitors after stroke;
                                                                            ↑ p27^KIP1^ and p21^CIP1^ in the DG and SVZ⟶ inhibition on neural regeneration after stroke;
  Traumatic brain injury (TBI)            ↑                     ↑           ↓ p27^KIP1^ level after TBI⟶ ↑ glia proliferation;
  Epilepsy                                ↑               Not assessed      ↑ p27^KIP1^ ⟶ shortening cell cycle; ↑ progenitor proliferation
  Alzheimer Disease                THY-TAU22 mice ↑       Not assessed      ↑ cylin D1 ↑p21^CIP1^ ↑ p27^KIP1^
  HIV                                     ↓               Not assessed      ↓ CDK5 hyperactivation
